one of the method is to produce hybrid composites by combining several types of reinforcements/filler with polymers (Saba et al., 2014) . Recently, research attention has been focused on studying friction and wear properties of natural fiber reinforced material. Studies on different kind of tribological properties have been conducted on natural fibers including rice bran/phenolic resin (Hokkirigawa., 2002; Shibeta et al., 2014) , date palm leaf/polyvinyl (Mohanty et al., 2014) , sisal/glass/epoxy (Kumar et al., 2010) , and jute/polypropylene (Yallew et., 2014) . Due to their lower strength and stiffness compared with synthetic fibers, polymer composites with natural fibers has been limited to non-tribological application (Aly et al., 2012) .
We have already investigated the wear and friction properties of nano-C/C composites with BC and phenol resin, and the carbonizing temperature effect on tribology properties was clarified (Ozawa et al., 2012; Lkhagvasuren et al., 2015) . To improve the tribology properties of nano-C/C composites, in this study, the fabrication method of the BP/C/C composites using Bacterial Cellulose and Bamboo charcoal Particles (BP) as Si additive was developed, and the effect of mass content of BP on tribology properties was investigated experimentally under dry sliding condition. The friction and wear properties of composites were discussed according to the morphology of worn and fracture surfaces observed by SEM and EDS analysis.
Experimental procedure 2.1. Material preparation
Bamboo charcoal contains hydrophobic macro-particles that are subject to aggregation in an aqueous environment, and this characteristic may make bamboo charcoal difficult to be uniformly dispersed in the matrix (Tang et al., 2015) . In order to develop composite materials with BC, an effective processing method is required for keeping the hydrogen bond between BC and fillers, and physical entanglement of three dimensionally oriented BC microfibril networks of nano-scale (Ozawa et al., 2012) . Due to extremely low volume content of the BC cellulose nanofibers, the porosity of BC ranges from 92% to 94%. Nevertheless, mean gap sizes of the texture vary within less than 2µm (Gama et al., 2012) . Therefore, to disperse BP into gaps of BC microfibrils network, BP must be milled by ball-miller into size of less than 2µm. Fig. 1 shows material design image of the BP/C/C composites desired.
To start with fabrication, commercial Bamboo charcoal was firstly grinded by a mortar into size of less than 10 mm. In the next step, BP was ball-milled by using a Fritsch P-7 ball mill machine with by zirconia balls of diameter 10mm, 5mm and 1mm at 480rpm, respectively in the each step. The ball to BP ratio by weight was 3 to 1 and milling/pause time was set to be 30min/15 min for 12 times. Fig. 2 shows SEM observation of milled BP. As seen in this figure, BP was milled into size of less than 1µm. Fig. 3 shows EDS spectra of BP. The EDS result reveals that BP mainly consists of C, Si, O and Fe, therefore the BP could be effective on improving the tribology and mechanical properties of the BP/C/C composites.
Moreover, in this study, to improve dispersion of BP into the BC microfibril gap, BC gel was milled by mixer for 60 seconds to get fine size of BC. Fig. 4 shows SEM observation of milled BC. This figure shows that BC possesses the sparse and layered microfibrils structure, thereby milled BC could be effective on reinforcing the BP/C/C composites.
In order to clarify the effect of BP wt% content on the tribology properties, BP with 1wt%, 5wt% and 8wt% were mixed, where the weight content of BC microfibril was constant of 1wt% in phenol resin. The BC and BP were mixed into resol type phenol resin by the Direct Impregnation Method (DIM) (Ozawa et al., 2006; Ozawa, 2010) , and a mixture was degassed in a vacuum dryer at the earlier stage of drying. Following the DIM method, the phenol resin impregnates into BP, BC gel and microfibril gap gradually, when ethyl alcohol was evaporated with water molecule. After this procedure, the mixture was dried and hardened in the room condition, and heated in an oven to obtain preimpregnation (pre-preg). Also, a pre-preg was pressed at pressure of 1MPa at 160°C. In order to obtain a void free composite material, the pre-preg was pressed and degassed several times for 1~2 minutes, and then pressed for 30 minutes to obtain the BP/BC/Phenol resin FRP plates. Finally the FRP plates were carbonized in an inactive gas environment (10ml/min of nitrogen) to fabricate the "BP/C/C composites".
In this study, in order to clarify the temperature effect on tribology properties of the BP/C/C composites, the test specimens were carbonized at 700°C to 1000°C, and the heating rate was 10°C·h -1 . Test specimens were cut with a diamond saw at first, and basic specimen geometry of 3.5mm×3.5mm×2.0mm was made by using a grinding machine. Fine scale polishing treatment was undertaken, by flattening both mating surfaces, to improve their load-carrying capability (Ozawa et al., 2014; Lkhagvasuren et al., 2015) . The sliding surfaces of specimens were polished with H600 grit grinding paper, and changing H800 to H1200 grit, step by step. At each stage, specimens showed the surface roughness of 3.0µm, 1.0µm and 0.3µm for polishing surfaces, respectively. Finally, clean-up process for specimens with ethanol was taken at 3 times for 10 min at 50°C by using an ultrasonic cleaner.
Tribology test
To examine the wear and friction properties of the BP/C/C composites, wear tests were conducted with pin-on-drum type tribology tester (Ozawa et al., 2010) . A specimen of 3.5mm square and 2.0 mm thickness was slid over SUS304 drum surface with roughness of Ra=0.3 µm.
The sliding conditions were as follows: Sliding speed 1.5m/sec, Sliding distance 130 km, and Contact pressure 1MPa. The data of mean specific factors of wear element loss K and mean dynamic friction coefficient μ are shown with parameters of BP wt% and carbonizing temperatures in Table 1 .
In order to determine the wear volume, the specific factor of wear element loss K is derived from the wear volume divided by Load P and Sliding distance L. The specific factor of wear element loss K [mm 2 /N] is given in Eq.
(1).
The convertor is equipped to the wear testing machine, and friction torque T can be found from internal coefficient multiplied by the value of convertor output. The dynamic friction coefficient μ is calculated from friction torque T divided by P and radius of drum R;
Results and Discussion

Tribology test results
The results of tribology test are shown in Table 1 . As can be seen from Table 1 , the mean specific factors of wear element loss varied between 2.25×10 -10 ~ 1.39×10 -9 [mm 2 /N]. For specimens carbonized at 700°C with 8wt% BP, no valid results could be obtained from the wear test due to high friction condition. This might be caused because of the bad fabrication due to high weight content of filling BP and low carbonizing temperature.
As shown in Fig. 5 , the composites with 5wt% BP had the lower wear rate of 2.25×10 -10 ~ 6.02×10 -10 [mm 2 /N], while the sample with 8wt% BP exhibited high wear rate in ranges 4.40×10 -10 ~ 1.39×10 -9 [mm 2 /N]. Fig. 6 shows the ranging value of the specific factors of wear element loss against BP wt% for the case of carbonized at 1000°C. The error bars indicate the maximum and minimum values of experimental data, and dots show the average values. As clearly shown in this figure, lower specific factors of wear element loss with smaller scatter was observed for specimens of 5wt% BP. This means that the specific factors of wear element loss of the BP/C/C composites was closely correlated with not only BP wt%, but also carbonizing temperature. It was considered that carbonization degree and microstructure of the composites were changed, and the composites can have the higher bonding strength between reinforcements and matrice. 
Sliding distance L [km]
nano-C/C composites 1wt% 5wt% 8wt%
composites varied between 0.14 ~ 0.22 and these depend upon carbonizing temperature and BP wt%. The lowest friction coefficient of 0.14 was obtained for the specimens at 900°C with BP 5wt%, and a higher value of 0.22 was obtained at 800°C with BP 1wt%. Fig. 8 shows the changes of dynamic friction coefficient of the sample carbonized at 900°C. As seen from this figure, the specimens with 0wt%, 1wt% and 5wt% BP showed steady curves with plateau, and exhibited low friction coefficients of 0.16, 0.17 and 0.14, respectively. On the other hand, specimens with 8wt% BP indicated fluctuation in range of 0.18 ~ 0.32. This was due to microstructural changes and related to BP wt%. In this experiment, all samples with 5wt% BP exhibited low friction coefficients, and showed the steady-state sliding curve during the wear test. These results show that the BP/C/C composites with 5wt% BP and carbonizing temperatures at 900°C and 1000°C showed low wear rates and dynamic friction coefficients among the investigated composites. The wear and friction mechanism must be explained by observing the worn surface by SEM photograph.
Temp. Table 1 Mean specific factors of wear element loss K and mean dynamic friction coefficient μ with four types of BP wt% carbonized at 700°C to 1000°C. 
2. Surface observation on the composites
In order to examine the wear and friction mechanism, we observed the worn surfaces of the BP/C/C composites specimens after the wear tests. At first, the worn surfaces of the composites with different carbonizing temperature were examined in order to clarify the effect of carbonizing temperatures (Fig. 9) . The worn surface of the composite at 700°C with 5wt% BP revealed the typical adhesive wear with shallow scratches and surface delamination. A lot of wear debris particles were observed over the sliding surface of the sample carbonized at 800°C. Abrasive wear tracks were observed on the worn surface of the sample at 900°C. For the worn surface of that at 1000°C, the smooth surface and cracks with several micrometer in length were observed. Based on the observations of worn surfaces, it suggested that the wear mechanisms of the specimens at 700°C and 800°C showed mixed mode of abrasive-adhesive wear due to the formation of wear debris at low carbonizing temperatures, consequently, leaded to high wear rate. For specimens at 900°C and 1000°C, as the carbonizing temperature increased, the number of wear debris decreased and the worn surface was getting smooth. It is considered that as the carbonizing temperature increased, the amount of wear debris become lower, resulting in lower wear rates being exhibited.
In the next, in order to clarify the effect of BP dispersion wt% contents on the wear and friction mechanism, we observed the worn surfaces of specimens carbonized at 1000°C with 0wt% (nano-C/C composites), 1wt%, 5wt% and 8wt% BP contents and, as shown in Fig. 10 .
On the worn surface of specimens with 0wt% BP (nano-C/C composites), cracks with several micrometers in length were induced, and many BC microfibrils were observed inside and around of the cracks. As shown in Fig. 10(b) , for worn surface of 1wt% BP specimen, BC microfibril pull-outs were observed, and the surface became smooth. The worn surface of 5wt% BP specimen was smooth, and there were still some microcracks. When the BP content reached at 8wt%, the surface became rough, and severe abrasive wear occurred on the worn surface, as shown in Fig. 10(d) . Based on these results, it clearly appeared that when the composites have high BP content over 8%, the surface fractures and formation of the wear debris tend to increase on worn surfaces due to lower bonding strength between BP and matrix, as resulting, higher wear rate was exhibited. In order to investigate the effect of BP wt% content on the wear and friction properties, we conducted three point bending test and observed the fracture surface of the BP/C/C composites with different contents of BP wt% carbonized at 1000°C (Fig. 11) . As shown in Fig.11(a) of nano-C/C composites with 0wt% BP content, many BC microfibrils were observed on the fracture surface. In Fig. 11(b) of 1wt% BP/C/C composites, several BC microfibril bundles can be observed on the surface, and the surface was rougher compared with Fig. 11(a) . It was considered that BP could not be effectively dispersed into BC network due to poor BP content. In this case, neither BP nor BC had a role of reinforcement, and therefore displayed higher wear rates and higher friction coefficients than nano-C/C composites. Observing the SEM photograph in Fig. 11(c) of the composites with 5wt% BP, nano-scale BC microfibrils were entangled each other, and BP fillers were observed in the network of BC microfibrils. This figure shows that BP fillers were successfully dispersed into the network of BC microfibrils, therefore, the composites with 5wt% BP were exhibited better wear resistance. It is considered that BP at the optimum wt% content caused effective interaction for physical entanglement of BC microfibrils network in the composites, and BP with BC microfibrils played an important role of reinforcement for wear properties of the BP/C/C composites. Therefore, it suggests that specimen with BP 5wt% had also stable microstructure due to interaction between carbonized BC fibers and BP and could give higher fracture resistance against sliding force, and then it led to the improvement in wear resistance.
The wear and friction properties of composites with 8wt% BP could not been improved by increasing BP content. The higher mass content of BP filler made the composites brittle, as shown in Figs. 11(d) and 10(d) . This suggested that the BP were agglomerated each other at the initial stage of impregnation due to rich mass content of BP, therefore, BP were not fully dispersed into the network of BC microfibrils. For this reason, the dispersion of BP in the matrix was insufficient, and then many defects were appeared in the composites and resulted in high wear rates and friction coefficients. It is revealed that the BC microfibril with optimum BP reinforcement fillers could be exhibited higher wear resistance and lower friction coefficient in the BP/C/C composites. From the experimental results, it is found that the optimum BP content was 5wt% BP for low wear rate and friction coefficient, and the optimum carbonizing temperatures were 900°C for the lower friction coefficient, and 1000°C for the lower specific factors of wear element loss, respectively.
Consideration on wear and friction characteristics of the BP/C composites
Moreover, in this study, in order to clarify BC microfibril effect on the wear and friction mechanism, BP/C composites with phenol resin and BP 5wt% were developed, and the wear and friction properties were compared to these for nano-C/C composites and BP/C/C composites. Fig. 12 shows the relationship of the specific factors of wear element loss against dynamic friction coefficient of the BP/C/C composites with 5wt% BP, the nano-C/C composites and the BP/C composites, respectively. As can be seen from Fig. 12 , nano-C/C composites and BP/C composites indicated the higher specific factors of wear element loss and friction coefficient with larger scatter. For the 5wt% BP of the BP/C/C composites, the specific factors of wear element loss and friction coefficient were significantly lower than those of other composites. The difference in the friction coefficient must be due to the influence of the reinforcement materials and the difference in the microstructure caused by BP wt% and carbonizing temperatures. The SEM observations for the worn surfaces of specimens of nano-C/C composites, BP/C/C composites with 5wt% BP, and BP/C composites are shown in Fig. 13 . As shown in Fig.  13(a) , for the worn surface of nano-C/C composites, the several deep scratches and cracks of few micrometers in length were observed. The crack propagation was suppressed due to BC fiber bridging (Ozawa et al., 2010; Lkhagvasuren et al., 2015) . In the case of the BP/C/C composites shown in Fig.   Fig. 12 Specific factors of wear element loss K against dynamic friction coefficient μ of composites. Lkhagvasuren,Ozawa and Kikuchi, Mechanical Engineering Journal, Vol.3, No.3 (2016) © 2016 Carbonizing temperature BP/C/C composites (5wt% BP) nano-C/C composites BP/C composites 13(b), the fine wear debris were observed on the worn surface. It was considered that due to these wear debris, the friction coefficient of BP/C/C composites was increased in the case of that at 1000°C. Furthermore, the worn surface seems to be smooth and the BC bundles were observed on the surfaces. On the worn surface of the BP/C composites in Fig. 13(c) , the severe abrasive wear was observed on the worn surface of 5wt% BP. Because of the generation a large amount of wear debris, the entrapped wear debris depended on the sliding materials, which were increased the wear rate.
In this experiment, the BP/C/C composites at 1000°C with 5wt% BP exhibited the lowest specific wear rate, therefore we performed the EDS analysis of the worn surface. Fig. 14 shows the SEM observation and EDS analysis of Silicon and Carbon distribution on the worn surface. A fine uniform distribution of Si and C were observed over the worn surface, and especially a large amount of Si was detected on the scratched region, as shown in Fig. 14(c) . This confirmed that the existence and good dispersion of BP in the phenol resin and Si could improve the wear resistance of the BP/C/C composites with 5wt% BP at 1000°C, as resulted, the lowest wear rate was exhibited.
In general, surface hardness is one of important factors that govern materials' wear resistance (Bhushan et al., 2013; Yaghmaei et al., 2012) . Thus, hardness measurement was also performed using micro Vickers hardness testing machine. As shown in Fig. 15 , the highest value of hardness obtained at the BP/C/C composites at 1000°C with 5wt% BP. Hard particulate fillers are used to improve the mechanical and tribological properties of thermoplastic resins (Shibata et al., 2013) . For the BP/C/C composites, the addition of BP significantly improved hardness which played an important role in increasing wear resistance, consequently, exhibited the lowest specific wear rate compared to the nano-C/C composites. In order to have some knowledge of materials construction, we conducted the three points bend tests for the composites. For SEM observation on the fracture surface of nano-C/C composites in Fig. 16(a) , the BC microfibrils were observed on the fracture surface. Further observation of fracture surface of the BP/C/C composites (5wt% BP) in Fig. 16(b) , the debonding and/or cracking were observed on the interface between phenol resin and BP, and the nanoscale's BC fiber bridging can be found. However, the debonding and/or cracking could be suppressed due to the effect of BC microfibril fiber bridging. It is considered that although the cracking occurred locally on the sliding surface of BP/C/C composites with 5wt% BP, the carbonized nano-scale's BC microfibrils prevented the propagation and extension of the cracking during wear test. The observation of the fracture surface of the BP/C composites in Fig. 16(c) reveals that the debonding and/or cracking were occurred on interface between phenol resin and BP. This behavior could be mainly due to the difference of the coefficient of thermal expansion of BP and phenol resin. The residual stresses easily occurred in phenol resin during cooling down process from the carbonizing temperature to room temperature due to large amount shrinkage of phenol resin. The debonding and/or cracking may easily occur along the interface between BP and matrix resin. In order to reduce the mismatch in the thermal expansion, it will be necessary to clarify the effect of thermal expansion behavior of BC, BP and phenol resin in our future work. The experimental results suggest that in the case of reinforcing with only BP filler, in the lack of BC microfibril, both frictional coefficient and wear resistance could be decreased. It was found that in the composites reinforced with BC (nano-C/C composites and BP/C/C composites), BC microfibril prevented the crack propagation, surface fracture and BP pull-out, and contributed to high wear resistance.
As mentioned above, there exists optimum BP wt% content with which the composites had the good structure as BP were well dispersed in three-dimensional structure of BC network and located at the gap in the BC network, as shown in Figs. 1 and 11(c) . BP could improve the BC microfibril network rigidity in composites, and also prevented the deflection of fiber network. The effect of BC fiber bridging and high rigidity of BC fiber network with BP were operated simultaneously during crack propagation in wear process of the BP/C/C composites with 5wt% BP, and then resulted in lower wear rates being exhibited than other two composites. For the possible mechanism in wear resistance of the BP/C/C composites, nano BC fibers with BPs can be restrained the propagation of micro cracks among bamboo charcoal particles, carbonized fibers and matrices.
Conclusion
In this study, the fabrication method of the BP/C/C composites with a new structure using bamboo charcoal particles and BC was successfully developed. From experimental results, mean dynamic friction coefficient showed the values in the range 0.14 ~ 0.22 during the wear tests, and the mean specific factors of wear element loss were varied in 2.25×10 -10 ~ 1.39×10 -9 [mm 2 /N]. Experimental results have shown that the specific wear rates and friction coefficients were dependent on BP content wt% and carbonizing temperature. Among those four carbonizing temperatures and different BP contents for obtaining lower wear rates and friction coefficients, the optimum BP content was 5wt% BP, and optimum carbonizing temperatures were 900°C for the lowest dynamic friction coefficient, and 1000°C for the lowest specific factors of wear element loss, respectively. BP/C/C composites with 5wt% BP exhibited better mechanical, wear and frictional properties compared with nano-C/C composites and BP/C composites. Moreover, it was found that the BP/C/C composites with higher hardness exhibited better wear resistance by adding BP. It can be concluded that the bamboo charcoal powder combined with carbonized BC fibres played an important role in increasing the bonding strength 
